Open-flow respirometry was used to measure the magnitude of specific dynamic action (SDA), the maximum rate of oxygen consumption and the length of time that the rate of oxygen uptake remained elevated above pre-feeding level in MF1 female mice fed different macronutrient diets. Irrespective of diet, the metabolic rate increased immediately after feeding and reached a maximum within 1.7 hours. The composition of the diet significantly altered the magnitude of SDA. SDA was highest for high protein-fed mice (9.4%), followed by high carbohydrate-fed mice (6.1%) and lastly high and medium fat-fed mice (3.9% and 4.5%).
INTRODUCTION
The ingestion of food by an animal is followed by losses of energy as heat. As a result, many animals have a substantially increased metabolic rate following ingestion of a meal. If a fasting animal is given food within a few hours there is an exponential rise in its body heat production above the level represented by basal metabolism. This increased metabolism above resting level is termed specific dynamic action (SDA) (Blaxter, 1989; McCue, 2006) or heat increment of the food (McDonald et al., 2002) . The SDA/heat increment of food may be expressed in absolute terms (MJ kg -1 food DM), or relatively as a proportion of the gross or metabolizable energy (McDonald et al., 2002) . According to Kleiber (1975) , SDA refers to the increased energy expenditure associated with digestion, assimilation and biosynthesis. A major route by which energy is diverted to maintenance of the soma, particularly of endotherms, is via the basal metabolic rate (BMR) (Speakman, 1997) . Basal metabolic rate refers to the energy required by an animal when it is resting and not performing any metabolic work to digest food or maintain its body temperature (also called resting metabolic rate, RMR) (Speakman, 1997) . For comparisons to be made between individuals that vary in mass or resting metabolism, rates of energy expenditure are often expressed relative to RMR (Speakman, 1997) .
The causes of SDA/heat increment of feeding are to be found in the processes of the digestion of foods and the metabolism of nutrients derived from them. The act of eating, which includes chewing, swallowing and enzyme secretion requires muscular activity for which energy is supplied by the oxidation of nutrients (Gawecki and Jeszka, 1978; McDonald et al., 2002 ). More heat is produced when nutrients are metabolised and it is worth noting that the heat increment of foods varies considerably according to the nature of the food. The ubiquity of SDA among very diverse animals suggests that it is associated with one or more fundamental aspects of food processing (McDonald et al., 2002; McCue, 2006) . As a result, SDA has long been considered as "tax" on food processing (McDonald et al., 2002) .
Many animal physiologists have proposed numerous terms to describe SDA, such as thermic effect of food (Whitney and Rolfes, 1996) , diet-induced thermogenesis (Trier, 1996; Gabarrou et al., 1997; Swennen et al., 2006) , heat increment (Blaxter, 1989; McDonald et al., 2002) , calorigenic effect (Pike and Brown, 1984) , and specific dynamic action (Krieger, 1978; McCue, 2006) . The different terms used for SDA by different physiologists signify its complex physiological nature. The most commonly used term SDA was adopted from the German phrase (specifishdynamische wirkung) coined by Max Rubner in the 1890s (McCue, 2006) . Since SDA remains the most common term to refer to this phenomenon, it will be used throughout the remainder of the present study.
SDA may be divided into an obligatory component related to digestion, absorption and processing of nutrients and into regulatory or facultative component (Jéquier, 1985) . In mammals, regulatory SDA allows body weight to be maintained in spite of a large increase in food intake. This is due to the large increase in energy expenditure following feeding. Because SDA is an increase in energy expenditure following feeding, it can be characterized using metrics that offer insight into the various physiological processes underlying SDA. Most accounts of SDA utilize multiple measurements to characterize postprandial (fasting) responses (McCue, 2006) . Some investigators of SDA emphasize the duration of elevated metabolism while others emphasize the duration following feeding at which peak postprandial metabolism occurs (Janes and Chappell, 1995) . Some measures of SDA demonstrate more bioenergetics relevance compared to others and since the energy devoted to SDA generally increase with ration and meal size, the most informative measures of SDA are those that correlate the energetic content of a meal with the total energy devoted to SDA. This is achieved (McCue, 2006) by calculating the SDA coefficient (C SDA ) by dividing the energy devoted to SDA (E SDA ) by the energy contained in the meal (E meal ). This is expressed using the formula: C SDA = (E SDA /E meal )*100. C SDA refers to SDA coefficient (see text), scope refers to the maximal metabolic rate during digestion divided by the standard or basal metabolic rate of the animal and time to peak refers to the time period after feeding at which the SDA response reaches a peak level.
1. Lusk, 1912; 2. Lusk, 1915; Rapport, 1924; 3. Lusk, 1912; 4. Weiss and Rapport, 1924; 5. Weiss and Rapport, 1924; 6. William et al., 1912; 7. Bradfield and Jourdan, 1973; 8. Mason et al., 1927; 9. Mason et al., 1927; 10. Mason et al., 1927; 11. Kriss, 1938; 12. Kriss, 1938; 13. Kriss et al., 1934; Kriss, 1938; 14. Kriss et al., 1934; 15. Kriss, et al., 1934; 16 Gawecki and Jeszka, 1978; 17. Janes and Chappell, 1995. The ability of animals to reproduce or survive is strongly influenced by energy allocation patterns (Stenseth et al., 1980; Krasov, 1986; Speakman and McQueenie, 1996; Speakman, 1997; Bacigalupe and Bozinovic, 2002; Król and Speakman, 2003a) . Many of the spatial and temporal variations in the activities of animals are centred on how to obtain, allocate and conserve energy. The balance between acquisition and expenditure of energy is critical to survival and reproductive success. This balance depends on the interplay among intake of matter and energy, digestive processing, allocation to alternative functions such as thermoregulation, growth and reproduction (Krasov, 1986; Bacigalupe and Bozinovic, 2002) . Therefore, examining energy costs is central to many studies of the ecology, behaviour and evolution of mammals. Before an animal can allocate ingested energy to growth and/or activity, it must first meet maintenance costs related to daily functions and metabolism. The maintenance cost associated with food processing is called SDA and it accounts for 6-17 % of the energy budget in humans (Taylor and Pye, 1966) . SDA can be equivalent to 10-30 % of energy from an ingested meal in other mammals such as the rats (Krieger, 1978) . It can therefore have a significant effect on the amount of net assimilated energy that is available for growth and/or activity. Since SDA represents a potentially large portion of an individual's total energy budget in mammals or because SDA is an unavoidable diversion of energy that might otherwise have been directed to growth and/or activity of the animal (Kleiber, 1975; McDonald et al., 2002) , a better understanding of SDA related energy expenditure or energy cost is relevant to our understanding of the nutritional ecology and evolutionary bioenergetics of mammals (Trier, 1996; McCue, 2006) .
The amount of heat energy liberated per unit time is the metabolic rate. Energy expenditure can be measured directly by heat production, or inferred indirectly by the analysis of respiratory gases. Indirect calorimetry (i.e. the analysis of O 2 consumption and CO 2 production) is a commonly used method for estimating an animal's metabolic energy expenditure based on rates of oxygen O 2 consumption and CO 2 production (Glenne and Blair, 1995; Speakman, 1997; Arch et al., 2006) . Indirect calorimetry is based on the assumption that O 2 consumption (VO 2 ) and CO 2 production (VCO 2 ) are closely correlated with heat production (Speakman, 1997) . The ratio of CO 2 production to O 2 consumption (CO 2 /O 2 ) is known as the respiratory quotient (RQ), and is dependent on the substrate being metabolised. If mostly fat is metabolised, RQ equals 0.7, 1 litre O 2 ≈ 19.7 kJ, and if mainly carbohydrate is metabolised the RQ equals 1.0, 1 litre O 2 ≈ 20.9 kJ (Schmidt-Nielson, 1997) . When the animal metabolizes protein, the RQ is around 0.8 (Speakman, 1997) . RQ can be calculated by measuring both O 2 consumption and CO 2 production simultaneously, or inferred from knowing the composition of the food consumed. Once RQ is known, the O 2 consumption or CO 2 production can be converted to energy using the Weir (1949) For more than two centuries, scientists have observed and reported the increase in energy expenditure that occurs during meal digestion (McCue, 2006; Secor, 2009) . From the minute copepod to the horse, this reported "cost of digestion" has been described, quantified, and experimentally investigated over a wide array of invertebrate and vertebrate taxa. However, there is no record of published SDA responses in laboratory mice despite their usage in biomedical research. This study therefore examined the hypothesis that diets with different macronutrient contents have different SDA and that quantifying the SDA of different macronutrient diets fed to female mice could explain the limits to energy intake during reproduction. Specifically, this study investigated the effects of macronutrient composition on SDA in the laboratory mouse.
MAERIALS AND METHODS

Animals and experimental protocol
Thirty two female mice (Mus musculus L.: out bred MF1) aged 15-16 weeks old were used in this study (Harlan UK Limited, Shaw's Farm, England). Each animal was housed in a "shoebox" cage (44 cm x 12 cm x 13 cm) containing sawdust and nesting material. The environment was regulated at 21 ºC (± 1 ºC) on a 12 L: 12 D photoperiod with lights on at 07:00 h. Rat and mouse breeder and grower diet (15.60 kJ/g gross energy, 18.80% crude protein, 60.30% carbohydrate, 3.40% crude oil, 3.7% crude fibre and 3.80% ash -all values calculated to nominal 10% moisture content, Special Diets Services, BP Nutrition, Witham, UK) and water were supplied ad libitum.
Specific dynamic action experimental protocol
The resting metabolic rate (RMR) of the 32 mice were quantified from oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) rates at 21 ºC. The animals were food deprived for 5 h (07:00-12:00 h) prior to measurement of VO 2 and VCO 2 . During that period, water remained at the disposal of each animal.
RMR was measured using an open-flow respirometry system connected to a paramagnetic oxygen analyser (Servomex Ltd., Crowborough, UK) and carbon dioxide analyser. Each RMR measurement took 6.5 h to complete. The body mass of each mouse was recorded (± 0.01 g). Each animal was then confined in a cylindrical Perspex respirometry chamber, that contained a perforated base to separate animals from their faeces and urine, with rubber stoppers at each end (volume 885 ml) housed inside a constant-temperature incubator (Gallenkamp, Loughborough, UK) set at 21 °C (±1° C) for 1.5 h without food. Four macronutrient diets, namely high protein (HP), high carbohydrate (HC), medium fat (MF) and high fat (HF) diets (Research Diets, New Brunswick, NJ, U.S.A) were randomly assigned to individual animals. The 32 animals were divided into four groups. Each group of 8 animals were randomized over the diets in such a way that each of them was fed on each of the four diets on different days in the respirometer. Specifically, the animals were given a pre-weighed amount of a specific diet for 5 consecutive hours and measures of their VO 2 were continued. Atmospheric air, dried using silica gel (BDH, UK) was drawn through the chamber (Charles Austen Pumps Ltd) at a rate of 600-800 ml min -1 measured using Alexander Wright flow meter (DM3A). Subsequently, a sample of ex-current air leaving the animal chamber was dried (silica gel) and directed through the gas analyser at the rate of about 150 ml min -1 . Carbon dioxide in the outflow was not absorbed prior to measurement of oxygen content since that provided the most accurate method for measuring energy expenditure (Koteja, 1996b; Speakman, 2000; Arch et al., 2006) . The measurements from the oxygen analyzer were recorded directly on a microcomputer (Viglen PC) at intervals of 30 seconds and the metabolic rates corrected for standard temperature and pressure (STP) were used to estimate the RMR. Following RMR measurements, mice were removed from their respirometry chambers and the body mass of each animal recorded immediately before it was returned to its cage. The food intake of each animal was calculated as the difference between the weighed amount of dry mass food offered and leftover dry mass in chambers (both dried in a Gallenkamp oven at 60 ºC). Immediately after each SDA trial, all mice were fed rodent chow until the next trial. In all 128 trials, respectively were completed. All animals were maintained in accordance with the United Kingdom Home Office Animals (Scientific procedures) Act 1986.
Percent SDA calculation
The periods of activity that occur during respirometry measurements tend to elevate VO 2 above the level represented by basal metabolism. Oxygen consumption values obtained during the SDA trial were assumed to represent RMR plus the additional metabolic cost of digestion and increases in VO 2 due to some activity occurring during measurements. Spikes of VO 2 caused by periods of activity by the mouse (i.e. area A, Figure 1 ) when the food was placed in the chamber were obvious from the plots of VO 2 over time. As a result, total SDA values were determined by plotting the VO 2 curve and selecting the smooth area designated as B under the heat production curve but above RMR to calculate the energy devoted to SDA.
EFFECTS OF MACRONUTRIENT COMPOSITION ON SPECIFIC DYNAMIC ACTION
The CO 2 production over the same range as VO 2 was used to calculate the RQ (VCO 2 /VO 2 ) for each diet. Data obtained from O 2 consumption (VO 2 ) was converted to energy devoted to SDA using the energy equivalent of 1 ml O 2 approximately equals VO 2 * [(4 + RQ) * (4.184 Joules/min)] (Hardy, 1974) . Based on this, the mean oxygen consumption of each macronutrient diet during each 30-second period of respirometry was converted to energy using the above equation, where RQ is the respiratory quotient (VCO 2 /VO 2 ).
The mean dry mass food intake at SDA (g) of each diet was multiplied by its gross energy content (kJ/g) to get the mean gross energy intake at SDA (kJ). To calculate the SDA coefficient which is a proportion of the energy intake devoted to SDA, the energy equivalent of VO 2 of each macronutrient diet was divided by the mean gross energy intake of each diet. The % SDA was then calculated by multiplying the SDA coefficient by 100. 
RESULTS
Immediately a mouse was placed into the respirometry chamber, the animal had an elevated metabolic rate probably due to handling. Thereafter, the metabolic rate declined over the first 1.5 h or so to produce a stable basal metabolic rate (Figure1). When food was placed into the chamber, the animal again had an elevated metabolic rate. SDA is generally manifested as a pronounced increase in O 2 uptake following food ingestion. The mean body mass before and after SDA, O 2 consumption, CO 2 production, calculated RQ, oxygen consumption converted to energy, dry food intake, gross energy (GE) intake, SDA coefficient (C SDA ) and the corresponding magnitude of SDA (C SDA , %) in female mice fed on HP, HC, MF and HF diets, respectively are shown in Tables 2 and 3 . 
DISCUSSION
Metabolism includes maintenance cost, SDA and energy cost of an activity (Blaxter, 1989) . Since mammals increase their oxygen consumption after feeding (Gawecki and Jeszka, 1978; McDonald et al., 2002; Mc Cue, 2006; Secor, 2009) , the magnitude of the metabolic response to feeding is significant and deserves important practical consideration. The maximum value of oxygen consumption has been reported to increase over pre-feeding levels when assessing energy expenditure associated with feeding (Krieger, 1978; Abbott et al., 1990) .
In the present study, the ingestion of HP, HC, MF and HF diets by MF1 mice was followed by increased losses of energy as heat. As a result, the SDA of the respective diets increased and reached the maximum level within 1.7 hours of feeding. The fact that the increased metabolism of mice fed on the respective diets was above the resting level indicates that the method of using macronutrient diets to investigate SDA in MF1 mice was feasible as reported in other animals (Kleiber, 1975; McDonald et al., 2002; McCue, 2006) . The oxygen consumption of mammals and birds is known to increase abruptly to a maximum level after feeding (Krieger, 1978; Blaxter, 1989; Gabarrou et al., 1997; Secor, 2009) . This is associated with the extra energy required for the transport of food through the alimentary tract, its digestion, absorption, and postabsorption metabolic processes associated with the ingestion of food (Kleiber, 1975; Gawecki and Jeszka, 1978; McDonald et al., 2002; Mc Cue, 2006; Secor, 2009) . In this study, SDA varied between the mice fed on the HP, HC, MF and HF diets. This may depend on the weight of protein present in each diet. In terms of weight, HP diet contained a higher amount of protein (60g/100g diet) than the HC, MF and HF diets (approximately 20g/100g diet). SDA in the mice was influenced by the composition of the HP, HC, MF and HF diets since the magnitude of SDA was different for each of the four diets fed to the mice. This corroborates some reports on published SDA responses in mammals ingesting various protein meals: dog fed on beef, SDA = 45% (William et al., 1912) ; dog fed on beef, SDA = 50% (Weiss and Rapport, 1924) ; human fed on protein meal, SDA = 17% (Mason et al., 1927) ; rat fed on casein, SDA = 13% (Kriss et al., 1934) ; rat fed on casein, SDA = 13% (Kriss, 1938) and human fed on protein, SDA = 17% (Bradfield and Jourdan, 1973) . The magnitudes of SDA are generally higher for mammals fed HP diets than those fed HC, MF and HF diets (McCue, 2006; Secor, 2009) .
CONCLUSION
In conclusion, we have shown that the use of open-flow respirometry to measure the magnitude of SDA in laboratory mice fed different macronutrient diets was feasible. This study shows that SDA is an important factor in energy intake of mice since it is an unavoidable 'tax' on food processing. Again the results show that protein diet can elicit very high SDA response and that SDA after fat diet is low. Therefore, the magnitude of SDA depends not only on meal size and body mass of animals but also on the diet composition. To the best of our knowledge, this is the first time that
EFFECTS OF MACRONUTRIENT COMPOSITION ON SPECIFIC DYNAMIC ACTION
SDA has been measured in laboratory mice using open-flow respirometry.
